There are opportunities to enhance rural household incomes and improve nutritional status through the diversification of smallholder agricultural systems from wet season rice monoculture to the dryseason field and horticultural crop production e.g. maize, mung bean, soybean and peanut. In the semi-arid, rice-growing lowlands of southern Laos, there are a number of physiochemical soil constraints that prevent the successful production of non-rice cultivars in these systems which are further exacerbated by limited water supply. As a first assessment of yield potential, crop modelling offers a relatively inexpensive alternative to time-consuming, and often costly, field trials. However, in less developed regions, modelling is often restricted by limited technical capacity and fragmented datasets; thus, the use of complex models that require equally complex datasets and skills may not be locally appropriate and/or available. Therefore, the primary objective of this study was to calibrate and test the ability of the FAO AquaCrop model, which has comparatively simple input requirements and is relatively easy to use, to simulate peanut (Arachis hypogaea) production in common lowland rice soils under different irrigation regimes. In 2015/16, a field trial was conducted at Phone Ngam Rice Research Centre at Pakse in Champasak province, southern Laos to collate a robust agronomic dataset that could be used to assess the use of AquaCrop as a tool to adequately model peanut production in these environments. Results showed that the model performance in soils commonly found in the rice-based lowland systems was good under well-watered conditions when simulating canopy cover (%) and aboveground biomass (t ha -1 ) (nRMSE = 24.6 % and 30.6 t ha -1 , respectively). However, performance in water-limited conditions was moderate to poor (nRMSE = 27.0 % and 35.1 t ha -1 ; and 44.2 % and 38.8 t ha -1 , respectively). Furthermore, the model was unable to simulate soil water with any degree of reliability given the limited lateral water distribution across the root zone, as evidenced by lack of soil water tension sensor response to irrigation and rainfall events, particularly once flowering had occurred. In addition to increased plant water use, the lack of lateral movement can be attributed to the physical characteristics of these hard-setting, sandy soils that are known to collapse soon after cultivation. Therefore, further work is required to thoroughly evaluate the use of AquaCrop to simulate soil water in relation to peanut production in the rice-growing lowland soils of the region. Subsequent experimentation to improve lateral water movement in the root zone, including: (i) the use of organic soil ameliorants; and (ii) irrigation system design may assist in the improved calibration of the soil water component of the model under these conditions. Lastly, as well as being the first assessment of peanut production in Laos, this paper also presents the first reported evaluation of AquaCrop used for the simulated production of peanut (Arachis hypogaea), more widely.
) (nRMSE = 24.6 % and 30.6 t ha -1 , respectively). However, performance in water-limited conditions was moderate to poor (nRMSE = 27.0 % and 35.1 t ha -1 ; and 44.2 % and 38.8 t ha -1 , respectively). Furthermore, the model was unable to simulate soil water with any degree of reliability given the limited lateral water distribution across the root zone, as evidenced by lack of soil water tension sensor response to irrigation and rainfall events, particularly once flowering had occurred. In addition to increased plant water use, the lack of lateral movement can be attributed to the physical characteristics of these hard-setting, sandy soils that are known to collapse soon after cultivation. Therefore, further work is required to thoroughly evaluate the use of AquaCrop to simulate soil water in relation to peanut production in the rice-growing lowland soils of the region. Subsequent experimentation to improve lateral water movement in the root zone, including: (i) the use of organic soil ameliorants; and (ii) irrigation system design may assist in the improved calibration of the soil water component of the model under these conditions. Lastly, as well as being the first assessment of peanut production in Laos, this paper also presents the first reported evaluation of AquaCrop used for the simulated production of peanut (Arachis hypogaea), more widely. AquaCrop, peanut, Laos, lowlands, irrigation 22nd International Congress on Modelling and Simulation, Hobart, Tasmania, Australia, 3 to 8 December 2017 mssanz.org.au/modsim2017 INTRODUCTION The Lao People's Democratic Republic (Lao PDR) has some of the highest rates of poverty, food insecurity and poor nutritional status in southeast Asia, particularly within the rural community (World Bank, 2016) . In Laos, rain-fed lowlands account for ~ 80 % of the total rice-production area which occurs mostly in the wet season (Shu & Ouk, 2013) . However, there are opportunities to enhance rural household incomes and improve nutritional status through the intensification of smallholder rice-based systems. This can be accomplished through the diversification from wet season rice monoculture to dry-season field and horticultural crop production in areas where water is available for irrigation or where, following the end of wet season rains, residual soil moisture is sufficient to grow high-value, market-oriented, short duration crops. In addition to limited water availability, there are a number of known biophysical soil constraints that are typical of the rice-growing lowlands within the region and that may impede successful production of the aforementioned crop species. These include strongly acidic, sandy soils bereft of organic matter and low water holding and nutrient retention capacity due to low clay content and low cation exchange capacity. To increase the productivity and profitability of these systems, inputs such as lime/gypsum, fertiliser and soil ameliorants are required which can often be prohibitively expensive for the average smallholder. Therefore, a balance between optimal rates of input addition and affordability must be obtained which can be achieved, in part, through the use of crop models designed specifically to simulate the interactive effects of varying environmental conditions (e.g. soils and climate) and agricultural management strategies (e.g. fertiliser and irrigation application) (Homayounfar et al., 2014) .
Keywords:
Whilst there are numerous models that are designed to simulate the biophysical processes of crop production (see Kersebaum et al., 2007) , many are complex and have large data requirements. In less-developed regions, datasets are often fragmented or non-existent and technical capacity is limited. Therefore, models that are relatively simple to use with minimal input data that is readily available or easy to obtain may be a more useful analytical tool for technical staff, water managers, policy makers and other end-users in less developed countries such as Laos (Vote et al., 2015) . One such model is AquaCrop, an empirical process-based, dynamic crop-growth model developed by the Food and Agriculture Organisation (FAO) to simulate biomass and yield response of field and vegetable crops to water under different environmental conditions and management strategies Steduto et al., 2008) . AquaCrop has been used extensively in different regions around the world to identify the crop response to water stress and varying irrigation depth, namely in northern Iran (e.g. Khoshravesh et al., 2012) , in southern Italy (e.g. Todorovic et al., 2009) , in northern Ethiopia (e.g. Araya et al., 2010) , in Kenya (e.g. Ndambuki, 2013) , and India (e.g. Abedinpour et al., 2012) ; to improve field management of small scale farming (e.g. Ngetich et al., 2012) ; and to predict yield under future water availability scenarios (e.g. Abedinpour et al., 2014; Mainuddin et al., 2010; Mainuddin et al., 2013; Mainuddin et al., 2011; Mainuddin et al., 2012) . However, a review of the literature reported very few studies of crop production specific to Laos using the AquaCrop model, and certainly none that have reported the use of AquaCrop to simulate peanut (Arachis hypogaea) production, either in Laos or worldwide. Therefore, the aim of this study was to evaluate the use of AquaCrop to simulate peanut production grown with 'best' agronomic practises in the rice-growing lowlands of southern Laos.
MATERIALS AND METHOD

Location of study site, experimental design and management
A randomised complete block design, replicated three times, was adopted for this experiment which was conducted at Phone Ngam Rice Research Centre ( ) with 7 beds per plot, a 1 m guard row between plots and a 2 m buffer zone between replicated blocks (3 replications x 3 irrigation treatments = 9 plots). Following the formation of beds, the site was irrigated with a hand sprinkler and fertiliser (15:15:15 NPK) was banded along the centre of each bed at a depth of ~ 3.0 cm at a rate of 25 kg rai -1
. On 19/12/2015, freshly harvested peanut seeds of a local variety purchased from a local market in Bolikhamxay province were sown into hand-made hollows at a depth of ~ 2.5 cm along two rows located at the edges of each bed (row and hill spacing was ~ 0.30 m and 0.25 m, respectively). Whilst the exact origin of the variety is unknown, it is speculated that it is a Valencia-type with 3+ kernels per pod, based on plant structure and pod/kernel formation (Wright G, personal communications, 27 April 2016) . Following sowing, the site was hand watered daily to facilitate germination, at which point a calendar schedule was adopted to implement three varying furrow irrigation treatments: high frequency (every Monday and Friday; W1); moderate frequency (every Monday; W2) and least frequency (~ every ten days; W3). Pesticide was applied ~ 06/01/2016 after evidence of insect damage was found. Hand-weeding was conducted approximately every two weeks to reduce weed competition for water and nutrients. 
AquaCrop model input requirements and data collection
Climate data
Minimum meteorological input requirements for AquaCrop (v 5.0) include daily temperature, wind speed, solar radiation, relative humidity and rainfall which was recorded by an automatic weather station (AWS) located on-site. AquaCrop also required mean atmospheric carbon dioxide (CO 2 ) concentrations for which the default file from Moana Loa, Hawaii, USA was used. Estimates of daily reference evapotranspiration (ET o ) were calculated within the model using the input meteorological variables. Where data records were missing (19 -31/12/2015), substitute agro-climatological data was sourced from NASA POWER 1 dataset.
Soil data, irrigation volumes and water quality
Soils from each plot were sampled at three depths (0 -20 cm, 20 -40 cm and 40 -60 cm) pre-land preparation and at 0 -20 cm after planting to characterise the physiochemical properties of the soils. Hydraulic characteristics of the soil were derived using the USDA Soil Water Characteristics application (v. 6.02.74). Soil water tension was monitored using two soil moisture sensors (Watermark, MEA, Australia) which were installed in each plot at ~ 15 cm and 45 cm depth. Irrigation volumes were recorded manually with an in-line flow meter (Multi-Jet Water Meter, ARAD Ltd., Dalia, Israel) and water quality was monitored throughout the season.
Phenological development, aboveground biomass, canopy cover and final yield
Phenological development was monitored throughout the season and sampling for aboveground biomass (ABV) was conducted when 50 % of plants within each plot reached: flowering; pegging; and pod development. All plants located within a pre-defined sampling area (n = 28) were harvested for ABV from which sub-samples were taken (~ 1 kg), fresh weights recorded and dried in an oven at 80 °C for 48 hours. Dry weights were recorded and dry ABV for each plot was estimated. Canopy cover was monitored regularly throughout the season using the freely-available smartphone application, Canopeo (Oklahoma State University, Stillwater, OK, USA) whereby images taken at three randomly selected locations within each plot were used to determine the average value. All plots were harvested from the remaining sampling area (~ 10.0 m 
Model calibration, validation and performance assessment
A performance assessment of the AquaCrop model was conducted through the course of calibration and validation whereby simulated canopy cover (CC), crop transpiration (T r ), ABV, and yield under non-limiting conditions (i.e. zero water and soil fertility/salinity stress) was compared to field measurements of all three irrigation treatments. As expected, the treatment with the highest frequency of irrigation (W1) was closest when comparing CC and was used to calibrate the model through an iterative process of adjusting sensitive parameters based on field observations. Each input adjustment was then run with the corresponding climate, soil, field observation and irrigation files and the resulting statistical indicators of the model were scrutinised for performance. Once calibrated, the two remaining irrigation treatments (W2 and W3) were used to validate model performance under varying levels of water stress. Goodness-of-fit was evaluated using the statistical indicators: root mean square error (RMSE), normalised root mean square error (nRMSE), Pearsons correlation coefficient (r), model efficiency coefficient (E), and Willmott's index of agreement (d) built into the model and described in detail elsewhere (e.g. Greaves & Wang, 2016; Hadebe et al., 2017) .
RESULTS
Environmental conditions and irrigation volumes
Soil sampling showed that soils at 0 -40 cm consisted mostly of sandy loam with some clay soils (> 20 %) at 40 -60 cm (Table 1 ). The soils were bereft of organic matter and the bulk density (data not shown) was high, particularly at 0 -20 cm. Physical inspection of the soils confirmed the existence of a hardpan between 0 -40 cm (also not shown). Pre-lime application, the soils were strongly acidic and mean pH at 0 -20 cm was 4.13; after the incorporation of lime, mean pH increased by 1.57 units. Soil water tension measured at 15 cm and 45 cm depth during the early vegetative stage remained relatively steady at ~ 10 kPa within each plot (data not shown). Towards the end of January/early February 2016, soil water tension declined fairly rapidly and dropped below the lower limit of sensor capability (< -500 kPa) within the first week of furrow irrigation; by mid-season, soil water at 45 cm depth had also depleted beyond the sensor limit which indicated that lateral water movement from the furrow to the centre of the bed, where the sensor was located, was limited. This was further evidenced by minimal response to irrigation events and was most likely attributed to inadequate refilling of the root zone as a result of compacted sandy loam soils with very little organic matter and limited water holding capacity. The average cumulative total of irrigation water applied was 403 mm, 231 mm and 149 mm to W1, W2 and W3 respectively. Throughout the season, irrigation water quality was excellent and observations of electrical conductivity (EC) were ≤ 0.31 dS/m. , and 1.04 ton ha -1 for W1, W2, and W3, respectively. As seed yield was not measured, it was estimated based on average kernel-to-pod ratio of 0.70 (Wright G, personal communications, 04/05/2017 -see Section 3.3.)
Canopy cover, aboveground biomass and final yield
Model calibration and validation
The calibration of the model focused primarily on normalised water productivity (WP*; default value = 17 g m -2
and calibrated value = 13 g m -2
) of the system based on two considerations: (i) field observations of decreased water use efficiency via evaporation of pooled irrigation water that remained in furrows after each irrigation event because of limited lateral water movement given the physical properties of the soil, including the hardpan; and (ii) due to the fact that some leguminous crop species have WP* < 15 g m -2 due to processes of biological nitrogen fixation ).
An evaluation of the final model calibration and validation is given in Table 3 . The results of the calibration procedure showed that the model was able to simulate canopy cover and biomass production under the well-watered conditions of the higher frequency irrigation treatment (W1) as indicated by the relatively high d and low RMSE (Greaves & Wang, 2016) . Simulated and observed estimates of final ABV were 3.23 t ha , respectively. Note that simulations of soil moisture content were not considered for both calibration and validation given that actual soil moisture within the root zone could not be accurately measured (see Section 3.1).
Validation results showed that model performance was reduced under varying levels of water stress. The statistical indicators showed that simulations of CC and ABV had moderate to fair agreement with field observations for the treatment with the least irrigation frequency (W3) and the treatment with the mid-frequent Table 2 . Selected observed (Obs) and simulated (Sim) canopy cover measurements for each irrigation treatment. 
CONCLUSIONS
The results of this study showed that the FAO AquaCrop model could satisfactorily simulate canopy cover, aboveground biomass and final yield of peanut (Arachis hypogaea) in the rice-growing lowlands of southern Laos under well-watered conditions. The study also showed that the model could predict peanut production with a degree of reliability under water-limited conditions. However, the statistical indicators suggested that the treatment that received water ~ 10 days (W3; total cumulative irrigation = 149 mm) was more accurately simulated than that which received irrigation every Monday and Friday (W2; total cumulative irrigation = 231 mm), most likely attributed to decreased biomass production within W2 as a result of cold-stress at flowering. Therefore, the model should be further evaluated to determine whether the FAO AquaCrop model can adequately simulate peanut (Arachis hypogaea) production with varying levels of water-stress in these environments. Furthermore, ways to improve lateral water movement and/or monitoring of water in the sandy loam soils common in the rice-growing lowlands within the region should be investigated so that a thorough evaluation of model performance can be achieved. Subsequent experiments that explore the use of organic soil ameliorants (rice straw and animal manure); and irrigation system design to improve lateral distribution of water in these soils will assist in this process.
